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A new positive-temperature-coefficient (PTC) material was prepared simply by blending of conductive Super P carbon black (CB) 
with insulating poly(methyl methacrylate) (PMMA) polymer matrix, which was empolyed as a coating layer on the aluminium 
foil substrate to fabricate a sandwiched Al/PTC/LiCoO2 cathode. The experimental results from cyclic voltammetry, 
charge-discharge measurements and impedance spectroscopy demonstrated that the PTC electrode has a normal electrochemical 
performance at ambient temperature, but shows an enormous increase in the resistance at the temperature range of 80120°C. 
This PTC behavior greatly restrains the reaction current passing through the electrode at elevated temperatures, capable of acting 
as a self-actuating safety mechanism to prevent the battery from thermal runaway. 
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The pressures coming from environmental concerns and oil 
resources exhaustion have motivated the development of 
hybrid electric vehicles (HEV) and electric vehicles (EV). 
With the advantages of high energy density and excellent 
cycle life, lithium ion batteries are considered as a prefera-
ble power source for these applications [1–4]. However, the 
safety concern, originated from poor thermal-abuse toler-
ance of the electrode materials, severely hinders the devel-
opments and applications of large capacity or high power 
lithium ion batteries in EV and HEV [5–7]. Apart from the 
fact that lithium ion batteries are composed of a highly oxi-
dative cathode, a strongly reductive anode, and a flammable 
organic-electrolyte, their safety is also associated with the 
inherent poor heat dissipation of non-aqueous cell [8]. Once 
lithium ion batteries are subjected to abuse, such as over-
charging, external or internal short-circuiting, and high- 
temperature impact [9], a number of exothermic reactions 
[1012], including thermal decomposition of the solid elec-
trolyte interphase (SEI), reduction of the electrolyte on the 
highly reactive anode, and decomposition of the cathode 
material, may be triggered to produce excessive heat and 
flammable gas spontaneously. The accumulation of evolved 
heat from these side reactions could cause a rapid increase 
in the internal temperature of the batteries, which accelerate, 
in turn, the chemical and electrochemical side reactions, 
possibly leading to thermal runaway, cell cracking, fire or 
even explosion [13]. 
For this reason, the positive temperature coefficient resis-
tors (PTC) are usually equipped as a safety device on the 
crust of commercial lithium ion batteries to restrict or even 
prevent current flow through the cell under abusive condi-
tions. However, this external device could not promptly sense 
the inner temperature changes and therefore may fail to re-
sponse to the hazardous reactions occurring at very high rates 
in cells [14,15]. To seek for a better safety control, much ef-
fort has been focused on the development of internal and 
self-actuating safety mechanisms for Li-ion batteries. Several 
strategies, including redox shuttles [16,17], polymerizable 
monomers [18], and potential-sensitive separators [19], have 
been devised to improve safety under overcharge condition, 
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but they work only at high charging voltages and actually do 
not respond to heat generation in batteries. Although the pol-
yolefin microporous separator membranes commonly used in 
Li-ion batteries have thermal shutdown characteristics [20], 
they cannot retain mechanical integrity above their shutdown 
temperature generally. Due to thermal inertia, the temperature 
can continue to rise even after shutdown. Then, the separator 
would melt, leading to the short-circuiting of the electrodes. 
Therefore, this type of separator cannot really ensure safety 
of the cell under abusive conditions. 
Based on the strong PTC effects of the plastics-carbon 
composites at elevated temperature [2123], we developed 
previously a PTC electrode by coating a thin PTC layer of 
epoxy-carbon composite in-between the cathode-active 
LiCoO2 layer and the cathode substrate [24]. Our previous 
study demonstrated that the resistance of this PTC electrode 
increases suddenly and enormously in the temperature range 
of 100–130°C, which can greatly inhibit or cut off the cur-
rent passing through the electrode at elevated temperatures. 
Therefore, the PTC electrode of this type could provide a 
safety protection for rechargeable lithium batteries from 
thermal runaway. However, the PTC material reported 
therein is composed of a blend of carbon black and epoxy 
resin, since the preparation for PTC coating layer involves 
complicated solidfying process of epoxy, this type of PTC 
electrode is difficult for industrial production and commer-
cial applications.  
To simplify the fabrication procedure for the PTC elec-
trode, we propose a novel PTC compound (C-PMMA) pre-
pared by simply blending of conductive Super-P carbon 
black (CB) with insulating poly(methyl methacrylate) 
(PMMA) matrix, and use this PTC compound as a coating 
layer on the substrate to fabricate a sandwiched LiCoO2– 
PTC cathode. In this paper, we report the electrical proper-
ties of the C-PMMA compound and the fabrication method 
of a sandwiched LiCoO2–PTC cathode. Furthermore, we 
describe the electrochemical and thermal behaviors of the 
PTC electrode at various temperatures.  
1  Experimental 
1.1  Preparation of the PTC electrode 
The C-PMMA composite used in this study was a blend of 
poly(methyl methacrylate) (PMMA) and super P black (SP). 
The PTC blending was prepared by mechanically ball- 
milling a mixture of 10 wt.% Super P black and 90 wt.% 
PMMA (Aldrich Chem. Co., Mw = 996000) with adaptable 
chloroform for 6 h in a rotation speed of 200 r/min, to form 
a well dispersed slurry. The PTC electrode was fabricated 
by firstly spreading a thin layer of PTC slurry onto alumin-
ium foil, then blade-coating a LiCoO2 cathode slurry onto 
the thus-prepared PTC layer, and finally drying the elec-
trode at 70°C for 24 h. The LiCoO2 cathode slurry is a 
well-dispersed mixture of 90 wt.% LiCoO2 powder, 3 wt.% 
acetylene black, 7 wt.% poly(vinylidene fluoride) (PVDF) 
and adaptable N-methyl-2-pyrrolidone (NMP) solvent. The 
thickness of PTC electrode is ~0.1 mm. 
1.2  Materials characterization 
The ohmic resistance of the C-PMMA composite was 
measured directly by a digital multi-meter using a thin film 
sandwiched between two parallel Al foils at temperature 
range of 20130°C. 
All the electrochemical characterizations for LiCoO2- 
PTC cathode were carried out using coin cells with lithium 
sheet as counter electrode. The electrolyte solution was    
1 mol/L LiPF6 dissolved in a mixture of ethylene carbonate 
(EC), dimethyl carbonate (DMC) and ethylene methyl car-
bonate (EMC) (1:1:1 by Vol.), purchased from Guo-
tai-Huarong New Chemical Materials Co., Ltd. (Zhang-
jiagang, China). The cells were assembled in an argon-filled 
glove box. The charge and discharge measurements were 
performed using a programmable computer-controlled bat-
tery charger (CT2001A Land Battery Testing System, Wu-
han, China) at a voltage interval of 4.303.0 V. Cyclic 
voltammetry measurements and Nyquist impedance spectra 
were conducted on a CHI660a electrochemical workstation 
(Chenhua Instrument Co., Shanghai, China). 
2  Results and discussion 
The PTC effects of the C-PMMA composite are usually 
considered to result from the variation of inter-particles dis-
tance of conductive reagent at elevated temperature. At 
normal operating temperatures, the conductive particles em-
bedded in a crystalline polymer matrix provide a low re-
sistance path for current flow. At elevated temperatures, the 
polymer’s structure changes to an amorphous state, leading to 
a volume expansion of the polymer matrix. This thermal ex-
pansion breaks the conductive pathway between the embed-
ded particles, resulting in a significant increase in resistivity 
[25,26]. In this work, we chose PMMA polymer as an insu-
lating matrix because of its good processability to dissolve 
in commonly used organic solvents, which could greatly 
simplify the fabrication procedure for a PTC electrode.  
The PTC behavior of the C-PMMA composite prepared 
in this work can be visualized from the temperature de-
pendence of the DC conductivity as shown in Figure 1. It 
can be seen that in the temperature region of 40–80°C, the 
conductivity of the PTC material shows only a slow de-
crease. When the temperature exceeds 80°C, the conductiv-
ity decreases suddenly by two orders of magnitude, showing 
a remarkable PTC effect. In general, Li-ion batteries are 
strictly prohibited to work at the temperature higher than 
100°C, at which the safety of the batteries are thought to be  
in uncertainty. Obviously, the C-PMMA composite is suita-
ble to serve as a PTC material to provide thermal cut off 
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Figure 1  Logarithmic conductivity as a function of temperature for the 
C-PMMA composite. Super P: 10 wt.%, PMMA: 90 wt.%. 
mechanism for safety control of the rechargeable Li batteries. 
The electrochemical performances of the LiCoO2-PTC 
electrode were investigated by cyclic voltammetry (CV) and 
charge-discharge cycling at room temperature. The data are 
given in Figure 2. As displayed in Figure 2(a), the LiCoO2- 
PTC electrode shows a pair of reversible bands with its 
 
  
Figure 2  Electrochemical performances of the LiCoO2-PTC composite 
electrode at room temperatures. (a) CV curves measured in 1 mol L1 LiPF6 
in EC+DMC+EMC at a scan rate of 0.1 mV s1; (b) cycling stability at 
varied C-rates.  
anodic branch at 4.10 V and cathodic branch at 3.80 V, 
agreeing well with those observed from the bare-LiCoO2 
electrode. These CV features suggest that the PTC coating 
layer do not affect the intercalation kinetics of lithium ions 
on LiCoO2 at ambient temperature. Figure 2(b) shows the 
cycling performance of the PTC electrode at ambient tem-
perature at various C-rates from 0.1 to 2 C. It can be found 
in Figure 2(b) that the PTC electrode can deliver a specific 
capacity of 140 mAh g1 LiCoO2 at 0.25 C rate. As the 
C-rate increasing from 0.5 to 1 C, the specific capacity of 
the PTC electrode gradually decreased from 135 to 123 
mAh g1. Even cycled at 2 C rate, this electrode can still 
deliver a steady capacity of ~100 mAh g1, showing a satis-
factory C-rate capability. These data suggest that the detri-
mental impact of the ohmic polarization arising from the 
PTC layer on the electrochemical performances of the 
LiCoO2 electrode is insignificant at normal operating tem-
perature. Furthermore, the PTC electrode of this type also 
exhibited an excellent cycling performance at ambient tem-
perature. After 50 cycles in a scheduling C-rate order of  
0.1, 0.25, 0.5, 1, and 2 C, the electrode still could give a 
discharge capacity of 137 mAh g1 as the cycling rate re-
turned to 0.25 C.   
To evidence the thermal cut off function of the PTC 
electrode, laboratory coin cells were assembled with the 
LiCoO2-PTC composite electrode and tested at various 
temperatures. Figure 3 shows the charge-discharge curves 
of the cells at a controlled voltage range of 4.3–3.0 V. As 
demonstrated in Figure 3, the cells show a reversible 
charge-discharge capacity of about 140 mAh g1 LiCoO2 at 
30°C and similar charge–discharge voltage plateaus as ob-
served in bare LiCoO2 electrode, suggesting that the thin 
PTC layer in the electrode does not affect the electrochemi-
cal behaviors of the electrode. When the cell was cycled at 
90°C, the charging voltage was ca. 100 mV higher and the 
discharging voltage was ca. 200 mV lower than the corre-
sponding values observed at 30°C. In the meantime, the 
reversible discharge capacities was greatly decreased to ca.  
 
 
Figure 3  The charge-discharge curves of the C-PMMA based PTC elec-
trode at a constant current density of 40 mA g1 (0.25 C) at the tempera-
tures of 30, 90, and 110°C, respectively. 
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80 mAh g1. These phenomena are obviously originated 
from a serious ohmic polarization occurring in the PTC 
composite electrode. Because of the large increase in re-
sistance of the PTC layer, the current flow passing in-  
between the substrate and active LiCoO2 electrode is re-
strained to a great extent, which limits the charge and dis-
charge of the PTC electrode. When the temperature was 
further increased to 110°C, the electrode can only deliver a 
discharge capacity of 8.4 mAh g1, showing almost an ef-
fective blocking off the PTC layer to switch off the active 
LiCoO2 electrode. Obviously, the strong PTC effects of the 
C-PMMA composite proposed in this work could prohibit, 
or even cut off the current passing through the electrode at 
elevated temperature, and thus to provide a thermal safety 
protection for rechargeable lithium batteries.  
The PTC effect can also be evidenced from impedance 
measurements of the PTC composite electrode at various 
temperatures. As demonstrated in Figure 4, the impedance 
spectrum obtained at 30°C shows a well-defined semicircle 
at high frequencies and a sloping line at low frequencies, 
representing the interfacial charge transfer and Li+ diffusion 
into the LiCoO2 phase. At an elevated temperature of 90°C, 
the diameter of the semicircle is more than 15 times larger 
than that at 30°C. With temperature further increasing, the 
diameter of the semicircle increases enormously and the most 
part of the impedance spectrum appears to be a straight line 
resembling that given by a pure resistor. This enormous in-
crease in the electrochemical impedance of the electrode in-
dicates that the polarization of the PTC composite electrode 
greatly increases at high temperature. Obviously, such high 
impedance of the PTC composite electrode can slow down 
and eventually block off the electrochemical reactions oc-
curring on the active LiCoO2 particles at elevated tempera-
tures, thereby to prevent the cell from thermal runaway. 
3  Conclusions 
In summary, we prepared a new PTC material based on C- 
 
 
Figure 4  Nyquist impedance spectra of the PTC composite electrode at 
various temperatures. 
PMMA composite by simply blending of conductive Super 
P with PMMA polymer and test this PTC material as a 
coating layer on the substrate to fabricate a sandwiched 
LiCoO2-PTC cathode. The experimental results demon-
strated that the resistance of the PTC electrode increases 
suddenly in the temperature range of 80–120°C, which can 
greatly restrain or even cut off the current passing through 
the electrode at elevated temperatures. Since the fabrication 
procedure for the PTC electrode is very simple for industrial 
production and commercial applications, this type of PTC 
electrode could be used conveniently as a safety mechanism 
to prevent the cell from thermal runaway. 
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